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(5) Performance benefits derived from aiding, e.g. smaller
noise bandwidths to track given input dynamics.

4.2 SYSTEM DESIGN CONSIDERATIONS
4.2.1 Design-Reference Input Trajectory .

The design-reference input dynamics trajectory assumed here
is extremely severe. It consists of a jerk pulse of 10 g/s for
0.6 seconds followed by a period of constant acceleration thereafter.
It is felt that if the X-set receiver can successfully operate against
these dynamics, it will probably be able to handle the typical
missile launch-~phase dynamics.

4.2.2 Receiver Carrier-Tracking Loop

The tracking accuracy requirement stems from the fact that
the baseband output signal from the error detector (correlator plus
signal conditioner) is proportional to the sine of the phase-tracking
error rather than to the tracking error itself. 1In order to maintain
reasonably constant loop gains under these conditions, it is necessary
to limit the tracking errors to about 0.5 radians or less. At the
carrier-frequency of 1.6 GHz (wavelength about 0.6 ft.) this corres-

ponds to an error of about 0.05 ft.

The presence of binary-data modulated on the carrier (at
50 b.p.s.) requires that a Costas loop, which is capable of tracking
suppressed~carrier signals, be utilized in the carrier tracking
system, to remove (demodulate) the data. 1In the current tracking-
loop mechanization, which is described in Ref. 4-1, the end result
is an error-detector output proportional to the product of the sine
of the phase-tracking error and the sign of the cosine of the
tracking error. The tracking error under these conditions must be
kept smaller than 90 degrees to avoid abrupt changes in the sign of
the error-detector output, which lead to cycle slips and possibly
loss of lock. At the carrier frequency of 1.6 GHz this corresponds
to an error of about 0.15 feet.

In order to track the high-jerk reference input with a con-
stant steady-state error, the unaided X-set receiver utilizes a
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digital tracking network with both single and double integration
paths in the carrier tracking loop. The overall tracking loop

under these conditions is essentially a third~order system (ignoring
sampling and other lags for the moment), which is conditionally
stable, i.e. can go unstable for both high and low loop gains.

To hold the peak transient error following the 10 g/s input

below the desired limit of 0.15 ft, the required single-sided

noise bandwidths (BL) are of the order of 25 Hz or more under ideal
conditions. Tracking loop stabilization at these high noise
bandwidths (or high natural frequencies) is extremely difficult.

A major factor contributing to the carrier tracking-loop
stabilization problem is the computer-throughput problem in the
current X-set. The end result is that error-detector data are sent
to the tracking network at only a 50-Hz rate, i.e. every 20 ms.

This information in effect represents the average tracking error
signal for the preceding 20-ms period. The straight-through path
output from the network is sent forward to the RM/IPM with no addi-
tional significant delay. The integral-path data, however, is
delayed by as much as an additional 20 ms, before being sent forward
to the RM/IPM. Under these conditions, tracking-loop stability
with the existing tracking-loop network is extremely difficult at
the high noise bandwidths required for unaided tracking of the high-

jerk reference input, e.g. greater than 25 Hz.

Other factors that affect the design and performance of the

X-set receiver carrier channel are:

(1) cCross coupling between the code and carrier channels in

the signal correlator.
(2) Quantization errors in the RM/IPM.

(3) An additional transport lag of 4 ms in the transmission
of data between the tracking network and RM/IPM.

(4) User frequency-reference errors.
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(5) Satellite-clock drift, ephemeris errors, and ionosphere-
induced propagation velocity changes.

(6) Antenna motion caused by orientation changes of the

vehicle (rotations or oscillations about mass center).
A brief discussion of these factors follows next.

The cross coupling between code and carrier channels in
effect reduces the carrier tracking-loop gain as the code-loop
error is increased. For large code-loop tracking errors this could
lead ultimately to loss-of-lock in the carrier loop . In most cases
studied here this was not a major problem. .

RM/IPM quantization errors are of the order of 1/64 cycle
or about 0.01 feet in the carrier loop. Small-amplitude limit-cycle
oscillations can be induced in the tracking-loop by this error source
but, in general, it has not been found to be a major problem.

The 4-msec transport lag on the data from tracking network
to RM/IPM is small in comparison to the 20-ms sampling interval
of the error-detector data, and the 20-ms transport delay on the
integration-path data. Accordingly, its net effect is small.

User frequency-reference drift errors are a more serious problem.
The acceleration-sensitive component in particular is significant
for user accelerations of several g's, as would be encountered
in typical missile launch maneuvers. The receiver carrier channel
must have sufficient bandwidth to track this uncompensated frequency
drift (which is typically 1 part in 109 per g).

Satellite-clock drift, ephemeris errors, and ionosphere-
induced propagation velocity changes also pose lower limits on
carrier-loop tracking bandwidth. It is felt, however, that the more
stringent requirements, i.e. the larger minimum bandwidth, will be
dictated by the user-clock acceleration disturbance rather than by
these other error sources. ;

Rotational maneuvers of the vehicle (missile) also place
lower bounds on the permissible receiver tracking-~loop bandwidth.
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By utilizing an IMU as an aiding device, the effective lever arm

of the rotational disturbance is reduced to the distance between the
IMU (not the vehicle center of gravity) and antenna.

4.2.3 1IMU Aiding System

The IMU is capable of providing accurate information on
non-gravitational-force induced velocity changes of the vehicle in
which it is mounted. It can also provide accurate orientation

reference data.

The basic IMU measurement is velocity change over a finite
read interval or, in effect, average vehicle acceleration (from
non-gravitational forces, of course). To utilize this information
for aiding the receiver, the velocity-change data (with estimated
measurement errors removed) must be combined with an estimate of the
gravitational force on the vehicle, and then used to derive the com-
ponent of vehicle (or receiver-antenna) velocity along the line-of
sight from the receiver antenna to the satellite of interest. Since,
at best, the IMU provides vehicle or antenna velocity-change informa-
tion, the receiver's tracking loop must always have sufficient band-
width to track out user frequency-reference and other disturbance

inputs to the overall system.

The fact that IMU-derived velocity data are available only
at discrete times and with possible processing delays also present,
makes the aiding process more difficult. To derive the maximum
benefit from the aiding data under these conditions, it is desirable
to extrapolate the aiding-velocity estimates between successive
update times unless new data can be provided directly at very high
rates (e.g. 100-200 Hz). The extrapolation process can be based
on previous IMU velocity-change measurement data.

If the IMU is:displaced a significant distance from the
receiver antenna, e.&. on the order of a few feet or more, then
velocity estimates derived from IMU-accelerometer data alone will not
properly describe the receiver-antenna motion if vehicle rotations
occur. Under these conditions the rotational-velocity of the antenna
with respect to the point at which the IMU is located can be deter-
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'49 mined from IMU-derived attitude data (assuming a rigid structure be-
’ tween the IMU and antenna), and a better aiding-velocity estimate can

be obtained.

) Accelerometer scale-factor, IMU alignment, gyro grift—rate

! bias, and accelerometer bias errors will all introduce errors into ;
A the IMU-derived aiding signals. The receiver tracking loop must
have sufficient bandwidth to track these errors .to acceptable
accuracy in order to obtain maximum benefit from the IMU aiding.
Velocity-readout noise from the  IMU will introduce jitter on the
RM/IPM output, but this should not be a major problem with the
high-accruacy IMU considered here. '

IMU-angle readout noise will limit the accuracy to which
} 2 rotational-velocity estimates can be made. Velocity-estimate extra-
' polation may be desirable for best accuracy, depending on the angle-

measurement data rate and the frequency content of the angular
rotations. The extrapolation process here will likely be more
sensitive to noise than with the accelerometer data, since the raw
measurement is angle (i.e. position) rather than velocity change

- (i.e. average acceleration). In the application of interest here,

? | on the other hand, it is expected that the IMU will be

close to the receiver antenna, Which will minimize the rotational-

velocity effect.

4.3 PERFORMANCE-EVALUATION DATA

The presented data will consist primarily of:

1) Carrier-loop tracking-error time histories for various
input signals, e.g. the design-reference high-jerk

g aid’

trajectory, a step change of input phase (antenna
position), user frequency-reference drift caused by the
effects of acceleration experienced during high-jerk trajectory.

2) Curves of maximum or r.m.s. tracking error as a function
of single-sided tracking-loop noise bandwidth for a
variety of different assumed conditions.




3) Tracking performance, i.e. successful track or loss
of lock, v.s input C/No levels for a limited number of
Monte-Carlo runs using the high-jerk reference trajectory
as an input signal.

4.4 NOISE-BANDWIDTH CALCULATION

It is appropriate here to discuss briefly the "noise band-
width" as utilized in the study results. The input noise to the
tracking system can reasonably be assumed to be white over the
tracking-loop frequency band of interest, e.g. see Refs. 4-2 to
4-4., 1If the tracking-loop can be modeled as a linear continuous
system with a closed-loop frequency-response function H(w), then
the response of the tracking-loop to the input noise is given by:

Gg = %Ffs(w)“l(w)lz dw (4-1)
0

where the variance of the output og is in units of power (e.q.

ft2 or radz), and the input spectral density S(w) is in units of
power/Hz. The angular frequency w is in rad/sec, and the notation
| € )| indicates the magnitude of ( ) is used.

It is convenient to rewrite Eq. (4-1) as
2 - s, p* (4-2)

where Si is the constant input-noise spectral density (single-sided).
The single-sided noise bandwidth B; is then given by:

B = 21? [H(w) [2 dw (4-3)
0

Lagt




where the integral is w.r.t. angular frequency in rad/sec, but
the units of B; are Hz.

Assume for the moment that the carrier tracking loop can
be modeled as a continuous, linear, 3rd-order system with an open-
loop frequency-response function from error detector to tracking-
loop output of the form

bw

0 P
au)o 0
= + 2, + — (4-4)
S

9
e

£
wWio w

1]

where 60 is the tracking-loop output, e is the error-detector
output, and s is the Laplace-transform variable d4/dt. The constants
a, &, and w, are tracking-loop parameters, with Wo referred to as
the closed-loop natural frequency. For a system as described by

Eq. (4-4), the closed-loop single-sided noise bandwidth is given

by Ref. 4-5.

3. 2
B* = E“;;;_ 4"]“’0 (4-5)

where wg is in rad/sec, and B; is in Hz.

If the parameters a and b are both set at 2, then a Wiener-
design tracking loop is obtained, which minimizes integrated-square
tracking error and also peak-transient tracking error for a specified
noise bandwidth with a step acceleration input (i.e. ramp in fre-
quency). If, on the other hand, a is set at 3.8 and b at 3.6,
then a Mallinckrodt-design tracking loop is obtained (Refs. 4-6 and
4-7), whose closed-loop poles and zeros are all equal. This
latter design gives small, integrated-square tracking errors and
smaller peak-transient tracking errors for a specified noise band-
width than the Wiener design with a step velocity input (i.e. step
in frequency) .
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Under actual conditions, the simple model of Eq. (4-4) is

reasonable for the carrier loop only at low noise bandwidths, e.g.

B, < 3 Hz, because of the sampling process (50 Hz) and the trans- ?f
port lag on integral-path data (20 ms). Under these conditions '
a closed-loop calculation of noise bandwidth analagous to Eq. (4-5)

is possible (see Ref. 4-8) but the resultant equations are extremely
complicated and not illuminating.

The approach adopted here was to determine "noise band-
width" as given in Eq. (4-2) by direct simulation, linearizing the
error detector but otherwise including all sampling processes and
transport delays. Quantization errors, A/D conversion errors, and
frequency-reference noise must, of course, be excluded here to obtain
meaningful results. The simulation-determined noise bandwidths
are given in Table 4-1 for several different tracking-loop gain sets
corresponding to Mallinckrodt and Wiener designs. Also included for
comparison are the idealized noise bandwidths from Eg. (4-5). For con-
venience here, the tracking-loop frequency-response function of Eq.(4-4)

is rewritten as ;

D

s SR e ' E
ol TR S (4-6) ;

where the relationship between the constants Cyr Cou and C3s and
the parameters a, b, and LA of Eq.(4-4) can be determined by compari-
son of Egs. (4-4) and (4-6). :

4.5 UNAIDED-SYSTEM SIMULATION RESULTS
4.5.1 General Information

As a starting point, it is useful to examine carrier-tracking :
loop performance under the highly idealized conditions where:

(1) No input noise is present
(2) No quantization or A/D conversion errors are included

(3) No drift or other noise present in either the receiver
or a satellite frequency references
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Table 4-1: Noise bandwidths.

* .
By . % B, - :
Network Theoretical | from sim. Gain Values
Type (Hz) (Hz) Prop. | Integ. | 2-Integ.
Wiener 1l 0.9 2.4 2.9 1.7
2 1.9 4.8 5.8 14
5 4.8 12.1 72 274
6 723 14.4 104 376
8 11.2 19.2 184 885
Mallinckrodt 1 0.9 3.0 2.7 0.6
3 3.1 9.1 24.3 16.2
4 4.6 12 43 38
6 6.8 18 97 130
8 10.7 24 173 307
3 10 13.8 30 270 601
12 20.0 36 390 100
14 25.0 42 530 1650
& 18 43.2 55 877 3507
E
1
f NOTE: (1) Theoretical values assume no transport or sampling
delays present
(2) sSimulation-determined values include all receiver
transport and sampling delays
]
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(4) The tracking-error detector is linearized, i.e. the
output signal is proportional to the tracking error.

The 50-Hz sampling-rate of error-detector output signal,
and the 20-ms transport lag on tracking-network integration-path
data, on the other hand, are both included here.

4.5.2 Tracking Errors for High-Jerk Input

The peak-transient tracking errors for the high-jerk input
trajectory under these conditions are presented in Fig. 4-1 as a
function of single-sided noise bandwidth B (in Hz)* For convenience
a logarithmic scale is used on both the horizontal and vertical
axes. The units of tracking error here are in feet () 0.6 feet).
To approximately convert the tracking errors to radians (at the

frequency of 1.6 GHz) the vertical-axis numbers on Fig. 4-1 are

simply multiplied by a factor of 10.J

Two different curves are shown in Fig. 4-1, corresponding to
two different tracking-network gain-selection procedures. In one
case the parameters a and b of Eq. (4-5) are both set at 2, corres-
ponding to an idealized Wiener design. In the other case, a and b
were set at 3.8 and 3.6, corresponding to an idealized Mallinckrodt

design.

The horizontal line in Fig. 4-1 at an error of 0.15 feet
(about 90 degrees) represents the point at which the Costas tracking-
loop will start to slip cycles or lose lock, because of the non-
linear error-detector characteristic. In non-idealized situations
with input noise and other disturbances present, it is desirable
to limit the peak transient error to a value substantially smaller
than 0.15 ft., e.g. 0.05 ft., about 30 degrees.

The noise bandwidth (Bn) used in Fig. 4-1 is single-sided,
and determined by simulation (as described in Sec. 4.4) for the

* 2 v " . . .

The notation Bn refers to the simulation-determined noise bandwidth,
whereas B; is the theoretical idealized-condition value (linearity
and continuous system assumed with no transport lags).
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and 10 ms . To examine the effects of measurement noise, an
uncorrelated error of l-mr. r.m.s. value, which is representative
of IMUS currently planned for the shuttle orbiter vehicle, was
used here.

To most effectively utilize the angle data, the aiding-
signal estimates are extrapolated forward over the time interval
between the latest and next measurement point. The extrapolation
relation, presented earlier in this report, is based on angular-
rotation rates and their derivatives, obtained form the angle-data
least~squares fitting process. Aiding-data in this way is provided
to the RM/IPM at 4-msec intervals, even though IMU data may be
processed at a much slower rate.

It is important to note that significant reductions in
tracking error are possible using accelerometer data alone as can be
seen from Fig. 4 -16. The angle-measurement data is necessary to
account for displacements between the IMU and receiver antenna.

There are several points of interest in the data of Fig.

(1) With angle-data at 100-ms intervals the displacement-
induced tracking errors under ideal conditions are
reduced by about a small amount, i.e. by a factor of 2.

(2) With angle-data at 10-ms intervals, a much greater
reduction in r.m.s. error is possible, i.e. by about a
factor of 10.

(3) with 100-ms data, asignificant reduction in tracking
error was obtained under error-free conditions by using
a 3rd-order rather than 2nd-order polynomial predictor.
With 10-ms data under the same conditions there was
no significant difference between the two predictors.

(4) Wwith measurement errors present on the IMU data, a
significant degredation in aiding performance occurred,

particularly at the larger noise bandwidths.




(5) The 3rd-order predictor, as expected, suffered more from
angle-measurement errors than did the 2nd-order predictors.

To further demonstrate the usefulness of the angle-measure-
ment data, carrier tracking-loop error time histories are presented
in Fig. 4-17 with and without IMU angle-measurement aiding. For
simplicity here, the IMU is located on the axis of rotation of the
vehicle, and the receiver antenna is 2 feet to the side. The
same sinusoidal rotation trajectory as in the preceding results
is assumed here, i.e. peak-to-peak amplitude of about 1.4 degrees
and oscillation frequency of about 1.1 Hz.

The same conclusions can be drawn from these data as in the
previous results. The IMU angle data can significantly reduce
carrier tracking-loop errors resulting from vehicle rotation, pro-
vided that the data are obtained at a sufficiently rapid rate.
Noise on the angle-measurement data will, of course, limit the
effectiveness of the aiding, particularly at the higher tracking-
loop noise bandwidths.

4.6.6 Performance vs. Input Noise

Several sets of Monte-Carlo runs were made to evaluate
tracking-loop performance as a function of input signal to noise
p.s.d., i.e. C/No (dB-Hz). All important aiding-system error
sources were included in these test cases: e.g. error-detector
nonlinearities, sampling and transport lags in receiver, RM/IPM
guantization errors, code and carrier loop cross-coupling. IMU-
data processing intervals and receiver frequency-reference drift
were treated as separate quantities to be varied parametrically.

A high quality IMU is assumed here with essentially no accelerometer
bias or scale-factor errors.

The test input to the tracking system in these Monte-Carlo
runs was the high-jerk design-reference trajectory, i.e. 10 g/s
for 0.6 sec and constant acceleration thereafter. No rotational
velocity inputs were included here. The typical test-run duration in
these data was 5-10 seconds. To limit simulation costs, the size
of the Monte-Carlo run sets was limited to 10 runs per test case. In
all cases presented here, IMU data was provided directly to the
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Figure 4-17. Carrier tracking errors with rotational input.
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carrier loop at a point preceding the RM/IPM. The velocity-aiding
signal to the carrier-loop RM/IPM (combination of IMU and carrier-loop
derived signals) with appropriate scaling was then used to aid the
code loop. The time constant of the first-order code loop in these
studies was about 2 seconds.

The presented data show the number of test runs for a parti-
cular set of conditions for which the receiver was able to maintain
lock. In addition a number of tracking-error time histories are
presented to show the detailed error behavior for a variety of
conditions.

Tracking performance data are presented in Table 4-2 for an
unaided system, in Table 4~3 for an IMU data-processing interval of
100 ms °, and in Table 4-4 for an interval of 10 me . In the high
noise-bandwidth case of Tables 4-2 and 4-3 acceleration-sensitive
frequency-reference errors of as large as 1 part in 109/9 are con-
sidered. In the low-bandwidth cases, the maximum frequency-referenced
error considered was 1 part in 1010/9.

Some definitions used in these tables need to be clarified
at this point. A successful run is one in which the carrier loop
does not lose lock, or temporarily slips cycles and recovers shortly
thereafter. A failed situation is one in which the carrier loses
lock and does not recover.

The unaided case will be considered first. From the simulation
results it appears that a threshold, i.e. minimum C/No, of about
28 dB-Hz is obtained for reliable tracking without IMU aiding. The
minimum required noise bandwidths to accomplish this are about 50 Hz.
A typical set of tracking-error time histories for this situation
are shown in Fig. 4-18.

The case where IMU data were processed at 100-ms intervals
will be discussed next. With an acceleration-sensitive frequency-
reference drift of 1 part in 109/9 and a noise bandwidth of 11 Hz,
the smallest permissible C/N0 for reliable tracking was about 26 dB-Hz.
Increasing the noise bandwidth to 22 Hz with the same frequency-ref-
erence drift, provided a slightly smaller minimum C/N0 of about
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Table 4-2. Monte Carlo runs - unaided receiver.

B, Accel. Sens. C/No’ Successful | Slipped
(Hz) Freq. Ref. Drift | (dB-Hz) Runs Cycles | Failed
60 1 % 10719/ 28 11/12 0/12 1/12
26 5/12 0/12 7/12
24 0/12 0/12 | 12/12
1 x 10”9 28 11/12 0/12 1/12
26 4/12 3/12 8/12
50 1 x 1071079 30 12/12 0/12 0/12
28 12/12 0/12 0/12
26 3/12 0/12 9/12

NOTES: (1) High-jerk trajectory input

(2) Successful run - maintains lock or temporarily
slips cycle

(3) Failed run loses lock and does not recover

(4) 10-run Monte Carlo sets




Table 4-3. Monte Carlo runs - IMU-aided receiver.
By Accel. Sens. C/No Successful | Slipped
(Hz) | Freq. Ref. Drift | (dB-Hz) Tracking Cycles |Failed
22 1 x 107%/9 24 10/10 1/10 -
22 9/10 2/10 1/10
11 1 x 107%/9 28 10/10 — —
24 7/10 3/10 3/10
20 4/10 2/10 6/10
1 x 1071079 24 10/10 — =
20 10/10 -— -_—
18 4/10 3/10 6/10
5 1 x 1071079 20 9/10 5/10 | 1/10
9 1 x 107%/9 . YES
7 © NO
3 1 x 1071079 o YES
2 o NO
NOTES: (1) High-jerk trajectory input
(2) Tymy = 100 ms
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Table 4-4. Monte Carlo runs - IMU-aided receiver.

|
! B, Accel. Sens. C/No Successful | Slipped
‘ (Hz) Freq. Ref. Drift | (dB-Hz) Tracking Cycles |Failed
‘ 11 1 x 107%/9 28 10/10 - =
f! 24 9/10 - 1/10
‘ 20 9/10 0/10 |[10/10
A
. 1 x 10710/9 18 7/10 3/10 | 3/10 :
3 16 0/10 0/10 |10/10
ijv 2
| 5 1 x 1071079 24 10/10 -~ —
4 20 10/10 1/10 -
| 18 9/10 7/10 1/10
! 16 6/10 4/10 4/10
{
‘-“ | 9 Eox 207779 o YES
» 7 m NO
f 3 ¥x 10 V8 o YES
: 2 o NO

NOTE: (1) High-jerk trajectory input

(2) TIMU = 10 ms
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22 dB-Hz. The reason for this was that the error caused by accelera-
tion-sensitive frequency-reference drift was reduced more than the
increased additional noise passed through the loop. Lowering the
frequency-reference drift to 1 part in 1010/9 with a noise band-
width of 11 Hz, resulted in a slightly lower tracking threshold of
about 20 dB-Hz.

The case where IMU data were processed at 10-ms intervals
will be discussed next. With an acceleration-sensitive frequency-
reference drift of 1 part in 109/g and a noise bandwidth of 11 Hz,

the smallest permissible C/No for reliable tracking was about 26 dB-Hz.

This was only slightly smaller than when 100-ms IMU data were
used. Lowering the frequency-reference drift to 1 part in 101°/g
and reducing the noise bandwidth to 4.5 Hz, resulted in a minimum
C/No for reliable tracking of about 18 dB-Hz, which is essentially
the same as with the 10-ms data.

The main conclusions that can be drawn from the above
Monte~Carlo results are the following:

1) The use of IMU aiding in the X-set carrier tracking
loop makes it possible to maintain lock during the high-
jerk reference trajectory with a minimum C/N of about
18 dB-Hz (assuming 1 part in 101°/g frequency-reference
drift).

2) 1If a suitable extrapolation algorithm is employed, then
the minimum C/N0 with 100-ms IMU data is only slightly
larger than with 10-ms data.

3) If frequency-reference drift of 1 part in 109/g is
present, then the minimum C/N, for maintaining lock is
about 24 dB-Hz.

It may be desirable to use a wide noise bandwidth during
periods of high dynamics to handle disturbances such as acceleration-
sensitive frequency reference drift, but revert to a narrow-bandwidth
during periods of low dynamics to reduce the minimum C/N0 at those
times. The IMU-derived vehicle acceleration information could be
the basis for changing tracking-loop gains and bandwidth.
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Time histories of carrier and code loop tracking errors from
several representative Monte-Carlo runs are shown in Figs. 4-19
to 4-26. The runs in Figs. 4-19 to 4-22 are for a 100-ms IMU~data
processing interval, whereas those in Figs. 4-23 to 4-26 are for

a 10-ms interval.

The first case in Fig. 4-19 shows the typical tracking errors
- with a 24 dB-Hz C/No,an IMU-processing interval of 100 ms, but with
no frequency-reference drift present. The carrier-loop errors,

t as can be seen, are noisy but are generally smaller than 0.10 feet.
. Code-loop tracking errors, on the other hand, were as large as 10
feet in this particular case.

The effect of acceleration-sensitive frequency reference
drift is shown in Fig. 4-20, which is essentially the same as the
| case of Fig. 4~19 except for the addition of 1 part in 109/9 frequency-
: reference drift. The main point of interest here is that there is
a significant increase in carrier-loop tracking error during the
initial period of high-jerk input. Otherwise, the tracking-errors

are not changed.

The carrier-tracking loop can sometimes slip cycles. This
is shown in Fig. 4-21 where the input C/No is 24 dB-Hz and the
frequency-reference drift is 1 part in ]1)%9. In this particular
case a slip of 1.5 carrier cycles takes place during the period of
high-jerk input. Eventually the carrier loop reacquires lock and
maintains accurate tracking thereafter. The code loop in this case
was not significantly affected by the temporary loss-of-lock in
the carrier loop.

A typical case with a C/N0 of 20 dB-Hz is shown in Fig. 4-22.
For the assumed noise bandwidth of 11 Hz, tracking errors of about
0.10 feet occur frequently. Further reduction of C/N0 would lead
to frequent cycle-slip situations and possible total loss of lock.
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NOTES: (1) Monte-Carlo Run #650, 4/13, 19:41 {

(3) B, = 11 Hz(C1=24,C2=173, C3 = 308)

!
‘ } (4) No frequency-reference drift i
i t (5) S/Ng = 24 dB-Hz .
!
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Figure 4-19. IMU-aided receiver with high-jerk input. &




NOTES: (1) Monte-Carlo Run #850, 4/14, 1:30
7] = 100 ms

(3) B, = 11Hz

* (4) Frequency-reference drift = 1 partin 10%g
(6) S/Ng = 24 dB-Hz
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Figure 4-20.

IMU~-aided receiver with high-jerk input.
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NOTES: (1) Monte-Carlo Run #1450, 4/14, 20:27
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H Figure 4-21. IMU~aided receiver with high-jerk inpuﬁ.
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(3) B, = 11Hz
* (4) Frequency-reference drift = 1 part in 109/9
{5) S/No = 24 dB-Hz
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NOTES: (1) Monte-Carlo Run #1550, 4/14, 20:07
(3) B, = 11Hz
‘4) Frequency-reference drift = 1 partin 101°Ig
* (5) S/Ng = 20dB-Hz
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Figure 4-22. IMU-aided receiver with high-jerk




NOTES: (1) Monte-Carlo Run #1350, 4/26, 19:58

2) TlMU = 10ms

(3) Bn = 45 Hz (C1=12,C2=45,C3=38) {
(4) No frequency-reference drift
(5) S/Ny = 18dB-Hz
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Figure 4-23. IMU-aided receiver with high-jerk input.




NOTES: (1) Monte-Carlo Run #1550, 4/14, 20:28
(2) TlMU = 10ms
(3) B, = 45Hz
* (4) Frequency-reference drift = 1 partin 10'0/g
(5) S/Ng = 18dB-Hz
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Figure 4-24. 1IMU-aided receiver with high-jerk input.
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NOTES: (1) Monte-Carlo Run #1650, 4/14, 20:43
(2) T|MU = 10 ms
(3) B, = 45Hz 10
(4) Frequency-reference drift = 1 partin 10""/g
(5) S/Ng = 16 dB-Hz
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Figure 4-25. IMU-aided receiver with high-jerk input.




NOTES:

(1) Monte-Carlo Run #1050, 4/15, 1:02

2 T = 10ms

3) Blm'-, 11 Hz ok
(4) Froquoncy-refenncn drift = 1 partin 10°/g
(5) S/Ng = 24 dB-Hz
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Figure 4-26. IMU-aided receiver with high-jerk input.
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Tracking-error time histories for a typical case where IMU
data are provided at 10-ms intervals are given in Fig. 4-23 for
a C/N0 of 18 dB-Hz. A noise bandwidth of 4.5 Hz was used here,
which is smaller than the 11-Hz value used in the preceding 100-ms
results. No frequency-reference acceleration-sensitive drift is
included here. Tracking performance under these conditions is
satisfactory, but peak carrier-tracking errors of about 0.10 feet

occur.

A case similar to that of Fig. 4-23 is shown in Fig. 4-24,
except that a frequency-reference drift of 1 part in lolo/g has also
been included. The peak tracking errors in this case are not
significantly different from those of Fig. 4-23.

At very low values of C/N0 the carrier-tracking loop may not
be able to maintain lock. This is demonstrated in Fig. 4-25 where
the C/N0 has been reduced to 16 dB-Hz. Note that a greatly expanded
vertical scale for carrier-~tracking error has been used here. It
is interesting to note here that very good code-~loop tracking perfor-
mance is obtained in this case, even though the carrier loop lost
lock.

With a frequency-reference drift of 1 part in 109/9 it is
difficult to maintain lock unless the carrier-tracking loop noise
bandwidth is sufficiently high. IMU aiding of the tracking loops
does not alleviate this problem. A typical case is shown in Fig. 4-26
for an increased noise bandwidth of 11 Hz and a C/No of 24 dB-Hz.
Under these conditions the carrier-tracking loop is barely able to
maintain lock during the period of high input jerk.
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SECTION 5 ‘

, SUMMARY

An investigation has been made of the use of IMU-
E | derived information to aid the X-set carrier and code track-
] ing loops in a high-jerk environment. Detailed simulations
of the X-set receiver and an IMU such as AIRS have been

developed and used to accomplish this study.

For an unaided carrier tracking loop with a linearized
detector, no noise inputs, no quantization err-~, and no

B T Ry T T TRy

oscillator variations, a single-sided loop noise bandwidth
Bn on the order of 30 Hz (measured)is required to track
the incoming signal with an error of less than 0.15 feet.

| For the same conditions but with IMU aiding (with dpdate

' : periods of 100 ms _and 10 ms), the loop noise bandwidth
! can be lowered to 1.2 Hz and <0.1 Hz, respectively. {

» Acceleration-sensitive frequency reference drift,

_;. which must be tracked out by the receiver, is an important
: factor in limiting the minimum noise bandwidths that can be
used. In this study, two values were used for this para-
meter, 1 x 10-9/9 and 1 x 10'1°/g; the latter of which can
be achieved using a g-compensated crystal oscillator. With
all error sources included (acceleration sensitive drift of

1l x 10-9/9), a nonlinear detector and no IMU aidinag, a Bn

of 60 Hz and a C/No of 28 dB-Hz is required to maintain lock.
If the loop is IMU aided, Bn and C/No can be reduced to 1l Hz
and 24 dB-Hz. If the acceleration sensitive drift were limited
to 1 x ln-lu/g, B, and C/N_ can be reduced to 50 Hz and

28 dB-Hz and 5 Hz and 20 dB-Hz for unaided and aided track-

ing loops, respectively.

P
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k| Improvements in tracking-loop performance were ob-
tained when the rate at which IMU-derived data were pro-
cessed was increased from 10 Hz (100-ms intervals) to 100 Hz
(10-ms invervals). In particular, rotational-velocity

t’ estimates were greatly improved by an increase in attitude

data rates. However, in terms of translational dynamics,

Las i

this data-rate change did not significantly affect the
carrier-tracking threshold because of the dominant effect
of acceleration-sensitive frequency-reference drift.

;@ Finally, it should be noted that to most effectively

y' IMU-aid the X-set ;eceiver, all delays in the transmission
| of aiding signals to the RM/IPM must be minimized and

accounted for in the aiding estimation algorithms. Errors

& introduced into the tracking loop by sources such as the

4 IMU-data extrapolation algorithm or frequency-reference

acceleration-sensitive drift, limit the extent to which

F tracking-loop noise bandwidth can be reduced.
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APPENDIX A 15L-77-099

555 Technology Square, Cambridge, Massachusetts 02139  Telephone (617)258- 1287

BAK-GPS-9

TO: Distribution
FROM: B.A. Kriegsman
DATE: 17 June 1977

SUBJECT: New IMU-Aiding Algorithm - Study Results

SUMMARY

In recent studies where IMU aiding was used in the carrier
tracking loop, it was found that a 4-ms lag in the transmission
of IMU data to the RM/IPM has created problems (Refs. 1 and 2).
A new algorithm has been developed which accounts for the presence
of this transport lag. Simulation results are presented to show
the maximum carrier-loop tracking errors as a function of tracking-
loop noise bandwidth. Also included are time histories of the
carrier-loop tracking errors. No input noise or frequency-reference
errors are included in any of the test runs, and a linear error
detector is assumed.

The main point of interest is that with the transport lag
accounted for in the extrapolation algorithm, a significant
reduction in carrier tracking error (with respect to the data of
Refs. 1 and 2) is obtained at the 100-Hz data-rate case. Under
these conditions a significant reduction in peak tracking error
is obtained by increasing the IMU data rate, as indicated in
Figure 1.
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NOTES: (1) New IMU-data extrapolation algorithm
(2) No rotational inputs
(3) Linear error detector
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Figure 1. Carrier tracking errors for high-jerk trajectory.
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